Polyoma virus-transformed baby hamster kidney (pyBHK) cells were cultured in medium containing [32Plorthophosphate and 10% (vol/vol) fetal bovine serum. A 32P-labeled protein with an apparent molecular mass of 97 kDa was immunoprecipitated from cell lysates with antiserum to ADP-ribosylated elongation factor 2 (EF-2). The 32p labeling of the protein was enhanced by culturing cells in medium containing 2% serum instead of 10% serum. The 32p label was completely removed from the protein by treatment with snake venom phosphodiesterase and the digestion product was identified as [32PJAMP, indicating the protein was mono-ADP-ribosylated. HPLC analysis of tryptic peptides of the 32P-labeled 97-kDa protein and purified EF-2, which was ADP-ribosylated in vitro with diphtheria toxin fragment A and
Diphtheria toxin and Pseudomonas toxin A specifically ADP-ribosylate elongation factor-2 (EF-2) and thereby block protein synthesis (1, 2) . The specificity of the reaction resides in the unique ADP-ribose acceptor site in EF-2 that is a posttranslationally modified histidine residue, called diphthamide (3, 4) . Conservation of the diphthamide residue throughout eukaryotic evolution (5) (6) (7) suggests that it serves an essential function in cellular metabolism and is not present solely for the purpose of bacterial intoxication of cells. This view is supported by the discovery of an ADP-ribosyltransferase that co-purifies with EF-2 from hamster cells (8) . This enzyme appears to modify the same diphthamide residue of EF-2 modified by diphtheria toxin and Pseudomonas toxin A. Similar enzyme activities were subsequently found in extracts of several other cell types (9) (10) (11) . Thus far, characterization of the enzyme has been limited to in vitro reactions.
To demonstrate the transferase activity in cells, we now have isolated and characterized its unique reaction product, ADPribosylated EF-2, from polyoma virus-transformed baby hamster kidney (pyBHK) cells. The ADP-ribosylation of EF-2 in cells is limited to a fraction of the EF-2 and responds to the serum concentration of the culture medium.
MATERIALS AND METHODS
Labeling pyBHK Cells. Cells were grown in Eagle's minimal essential medium with Earle's salts (MEM) as described (12) . Cultures were established in MEM containing 10% (vol/vol) fetal bovine serum (FBS) by seeding 60-mm culture dishes with 5 x 104 or 2.5 x 104 cells for subsequent labeling in medium containing 2% or 10% dialyzed FBS, respectively. At the time of lysis, both 2% and 10% FBS-treated cultures contained 9 X 104 cells per plate. Subconfluent monolayer cultures were washed with phosphate-free MEM and incubated for 24 hr in medium containing carrier-free [32P]orthophosphate at 250 ,uCi/ml (8 mCi/ml, 1 Ci = 37 GBq) and either 10% or 2% FBS. At 18 hr after the addition of
[32P]orthophosphate, cultures were exposed to 10 nM diphtheria toxin for a period of 6 hr. Cells were harvested by washing, scraping them from the plates, and pelleting at 1000 x g for 10 min. Single dishes with equivalent numbers of cells were lysed in 0.25 ml of buffer containing 0.05 M Tris HCI (pH 7.5), 0.1 M NaCI, 0.001 M EDTA, 1% Nonidet P-40, RNase A at 0.8 mg/ml, phenylmethylsulfonyl fluoride at 60 ,ug/ml at 0°C for 30 min and centrifuged at 1000 x g for 10 min. The supernatant was centrifuged at 20,000 X g for 20 min. Phenylmethylsulfonyl fluoride was added to the supernatant at 120 ,g/ml prior to immunoprecipitation of the labeled proteins.
Immunoprecipitation and Analysis of 32P-Labeled Protein. The purification of pyBHK EF-2 and ADP-ribosylation of EF-2 by fragment A of diphtheria toxin have been described (13) . Antiserum to ADP-ribosylated EF-2 was produced by hyperimmunization of rabbits with 200 ,ug of antigen weekly for 8 weeks; rabbits rested for 2 weeks and then were bled. The resulting antisera immunoprecipitated purified EF-2 and ADP-ribosylated EF-2, as well as reacting with these proteins in Western blot analysis. One-half of each 0.25-ml 32P-labeled cell lysate was adsorbed with 2.5 Al of nonimmune rabbit serum and 50 Al of Pansorbin (Calbiochem) for 30 min at 4°C and then centrifuged. The labeled proteins in the 175 ,l of supernatant were immunoprecipitated with excess ADPribosylated EF-2 antibody (20 ,l) by incubation at 4°C for 4 hr followed by incubation with 125 ,ul of Pansorbin at 4°C for 1 hr. Pansorbin-bound antigen-antibody complexes were washed (14) and then sedimented through 0.7 M sucrose in wash buffer. The immunoprecipitated proteins were dissociated by heating to 100°C in Laemmli sample buffer containing NaDodSO4 and 2-mercaptoethanol and electrophoresed in 10% polyacrylamide gels containing 0.1% NaDodSO4 (15 Snake Venom Phosphodiesterase (SVP) Digestion. Radioactive protein bands located by autoradiography were sliced from dried gels. The gels were macerated and the protein was eluted in 50 mM NH4HCO3 (pI4 9) containing 0.05% NaDodSO4 at 4°C on a rotary shaker overnight. Eluted proteins were concentrated and washed in a Centricon microconcentrator (Amicon) with 20 mM NH4HCO3, Iyophilized, and resuspended in 50 pl of 10 mM NH4HCO3 (pH 9), SVP (Worthington) at 0.5 mg/ml, and 20 mM MgCl2 for 30 min at 37°C. Commercial preparations of SVP contain a contaminating enzyme activity that cleaves phosphate from AMP. This activity was greatly reduced or eliminated by treating the SVP preparations according to the method of Sulkowski and Laskowski (16) . Digestion products were filtered through the microconcentrators, Iyophilized, and resuspended in 20 ,ul of water containing AMP and ADPribose standards for chromatography in a Beckman HPLC system with an Ultrasil SAX column as described by Payne et al. (17) .
Tryptic Peptide Analysis. Purified EF-2 ADP-ribosylated by fragment A in the presence of [32P]NAD and the corresponding labeled protein band from cells labeled with [32P]orthophosphate were cut out of dried polyacrylamide gels, washed with 10% (vol/vol) methanol, and dried. The gel slices were incubated in L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin at 50 ,g/ml in NH4HCO3 buffer (pH 8) overnight at 37°C. The aqueous solution was removed, Iyophilized, and dissolved in 1% trifluoroacetic acid for HPLC chromatography on an Ultrasphere ODS C18 column. Peptides were eluted at 1 ml/min with a gradient of 0-90% (vol/vol) acetonitrile containing 1% trifluoroacetic acid over a 120-min period. Radioactivity in the 1-ml fractions was measured in the liquid scintillation counter. 
RESULTS
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The intensity of the 32P labeling of the 97-kDa protein responded to the serum concentration of the medium in which the cells were labeled. Decreasing the serum concentration to 2% enhanced the 32p labeling of the 97-kDa protein (Fig. 1B) . The serum concentration did not have a significant affect on the 32p labeling of EF-2 from the diphtheria toxin-treated cells (Fig. 1) .
SVP Digestion of the 32P-Labeled Protein. Treatment of the 32P-labeled immunoprecipitates with SVP completely eliminated the label from the 97-kDa protein of pyBHK cells and the diphtheria toxin-treated cells, indicating the proteins were ADP-ribosylated. SVP digests mono-and poly-ADP-ribosylated proteins yielding AMP and ADP-ribose, respectively (18, 19) . The 32P-labeled 97-kDa protein was eluted from the gel and digested with SVP, and the digestion products were analyzed by HPLC chromatography. Digestion products of the 97-kDa protein and ADP-ribosylated EF-2 from toxin-treated cells yielded 32P-labeled AMP that eluted in fraction 12 (Fig. 2) . No 32P-labeled product was seen in fraction 18 where ADP-ribose elutes. A minor 32P-labeled component was occasionally observed in fraction 24.
[32P]Orthophosphate eluted in this fraction and presumably represents further cleavage of AMP by the endonuclease contaminant common to SVP preparations (8, 16) . The results indicate the 97-kDa protein is mono-ADP-ribosylated.
Tryptic Peptide Analysis of the 32P-Labeled Protein. The 97-kDa protein from pyBHK cells is similar to EF-2 ADPribosylated by diphtheria toxin in size, reaction with antisera, and its mono-ADP-ribosylation. To establish further an identity between these two proteins, tryptic peptides of the two 32P-labeled proteins were compared. Identical peptide adsorption profiles (unpublished data) and identical radioactive elution profiles were found when endogenously labeled EF-2 and purified EF-2 ADP-ribosylated in vitro with fragment A and [32P]NAD were digested with trypsin and analyzed by HPLC (Fig. 3) . Approximately 75% of the radioactivity was recovered from the 97-kDa bands. Both proteins contained a single 32P-labeled peptide that had an identical retention time on the column. The results indicate that EF-2 is mono-ADP-ribosylated in cells in the same peptide region as diphtheria toxin-modified EF-2.
Kinetics of 32P Labeling of ADP-Ribosylated EF-2. To determine the time of maximum labeling of EF-2, cells were incubated for various periods of time in medium containing [32P]orthophosphate and 2% FBS prior to lysis and immunoprecipitation of the labeled protein (Fig. 4A ). 32P-labeled EF-2 could be detected by 2 hr and reached a maximum level by 12 hr. The 32p labeling of EF-2 remained at a constant level over the subsequent 12 hr of the experiment.
When cells were labeled with [32P]orthophosphate for 16 hr, washed, and then chased with medium containing the normal concentration of unlabeled phosphate, the 32p label was completely lost from the EF-2 band within 30 min (Fig.  4B) . No fragments of labeled EF-2 could be seen suggesting that ADP-ribose may be removed from intact EF-2 rather than ADP-ribosylated EF-2 being rapidly degraded.
The amount of labeling of endogenously ADP-ribosylated EF-2 relative to EF-2 ADP-ribosylated by diphtheria toxin suggests that the endogenous ADP-ribosylation was limited to a fraction or a subpopulation of the EF-2 (Fig. 1) pool, reflecting the rates of formation and decay of the product. We wished to obtain an estimate of the percentage of total EF-2 that was ADP-ribosylated by the endogenous transferase in cells cultured in medium containing 2% FBS. The calculation was based on the ability of fragment A to ADP-ribosylate the remaining EF-2 in lysates by using the same [32P]NAD pool as the cellular transferase. We assumed the specific activity of the [32P]NAD pool was similar for the two enzymes since the 32P-labeled EF-2 had a short half-life (Fig. 4B ) and the labeling of EF-2 remained constant between 12 and 24 hr (Fig. 4A) . A comparison of the amount of radioactivity incorporated into EF-2 from cell lysates in the absence or upon the subsequent addition of fragment A is shown in Fig. 5 (1989) background (unpublished data). Background can be lowered sufficiently to visualize the 97-kDa protein by heating the gel in trichloroacetic acid (Fig. 1) , with improved resolution obtained by also adding NaCl, urea, and dithiothreitol to the lysate prior to immunoprecipitation (Fig. 5) . Using this approach we have observed a 32P-labeled 97-kDa protein in pyBHK cells and seven other primary and continuous cell lines of diverse phylogeny (unpublished data). Also, a 32p_ labeled 97-kDa protein has been observed in pyBHKR cells (unpublished data). These mutant cells are resistant to intoxication by diphtheria toxin due to a mutation in the EF-2 structural gene (20) . The sensitivity of the mutant EF-2 to the cellular transferase is not surprising since, besides diphthamide, a large region of the EF-2 molecule is required for recognition by the enzymatically active site of toxin (21) . All of the essential recognition elements of this EF-2 region may not be shared by the active sites of toxin and the cellular transferase.
The 32P-labeled 97-kDa protein from pyBHK cells is similar to diphtheria toxin-ADP-ribosylated EF-2 in size, reactivity with antiserum against ADP-ribosylated EF-2, and the mono-ADP-ribosylation of a similar tryptic peptide. These properties are consistent with the expected product of the eukaryotic ADP-ribosyltransferase that modifies the diphthamide residue of EF-2 (8), and most likely represents its in vivo reaction product. The cellular transferase copurifies with EF-2 on a number of chromatographic resins (8, 11, 20) , during electrophoresis, in isoelectric focusing, and in denaturing and nondenaturing polyacrylamide gels (11), suggesting it is an inherent property of EF-2. However, our laboratory and others (10) have found EF-2 preparations that lack, or have low, transferase activity. Since the cellular transferase is potentially lethal for cells, it is presumably a latent activity of EF-2 that may be fortuitously activated during purification. This is known to occur in ADP-ribosyltransferases of the bacterial toxins that exist in proenzyme forms that must be activated by proteolytic cleavage (22) or require a configurational change in the molecule (23) to expose the active sites. Our current data clearly show that the cellular transferase is active in vivo and suggest that cells cultured in 2% serum may be the preferred source for enzyme purification.
Diphtheria toxin and Pseudomonas toxin A kill cells by ADP-ribosylating essentially all the EF-2 in cells thereby inhibiting protein synthesis (5, 6) . The cellular transferase is strikingly different than the toxins in that only a fraction of the EF-2 is ADP-ribosylated (Fig. 5) and ADP-ribose appears to be removed from EF-2 (Fig. 4B) . EF-2 that is ribosylated by the cellular transferase is no longer functional in protein synthesis (24) . The essential role of EF-2 in protein synthesis (25) and the inactivation of EF-2 by ADP-ribosylation (24) strongly suggest that the cellular transferase may be able to regulate protein synthesis in vivo at the level of peptide chain elongation.
The ADP-ribosylation of EF-2 is enhanced by lowering the serum concentration of the medium. The enhanced labeling of EF-2 by the cellular transferase appears specific since similar amounts of label are found in EF-2 from cells intoxicated by diphtheria toxin in medium containing 10 or 2% serum (Fig. 1) . Protein synthesis is inhibited due to a decreased rate of peptide chain elongation in cells during serum deprivation (26) (27) (28) (29) presumably because of a decreased elongation factor 1 activity (30) . Also a decrease in the quantity of EF-2 available for ADP-ribosylation by diphtheria toxin fragment A in resting cells has been reported (31) . The quantitation of EF-2 in resting cells by ADPribosylation with fragment A could be in error if a portion of the EF-2 was already ribosylated by the cellular transferase.
Our estimate of 30-35% of the EF-2 being ADP-ribosylated in cells cultured in 2% serum would suggest a significant effect on protein synthesis. The finding of ADP-ribosylated EF-2 in cells should stimulate further studies on its potential role in regulating protein synthesis.
